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Abstract 
This study is aimed at investigating the forces responsible for the detachment of molten metal droplets formed at an 
electrode tip, which imminently and eventually drop into the weld pool during the welding process.  The Equations 
used by Kim and Eagar in 1993 were applied to this study.  It was found that the different detaching forces which are 
the gravitational force, the electromagnetic force, and the drag force, were determined to be 7.154 x 10-6N, 0.05N and 
1.736N respectively.  Whereas, the primary retaining force, which is the surface tension force, was calculated to be 
0.0195N.  From the findings, since the combination of the detaching forces taken together is greater than the retaining 
force, detachment of the molten metal droplet must inevitably occur.  The combined effect of these forces on the 
behaviour of molten metal during the droplet detachment process was adequately investigated in this study. 
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1. Introduction 
Several researchers have studied the complex behaviour of the combined effect of both the detaching 
and retaining forces responsible for molten metal transfer from an electrode tip into the weld pool formed 
during the welding process. This claim is affirmed by Praveen et al. [1], who stated that the process of 
weld metal transfer from the electrode tip to the plate has been the subject of avid research from the 
preceding decades. 
Warinsiriruk and Poopat [2] said that the various modes of metal transfer constitute an important 
aspect of welding behaviour, significantly affecting weld quality. Watkins [3] was of the opinion that 
during Gas Metal Arc Welding (GMAW), the metal transfer process can be best described as a 
superheated molten metal drop transporting from the electrode tip to the weld pool. Zhao and Richardson 
[4] wrote that the hydrodynamics of the molten metal in weld pools is quite complex and often the flow is 
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highly unstable, as evidenced by large instabilities observed in the liquid surface. Jones et al. [5] said that 
the physics of the GMAW process itself is very complex. As the molten metal detaches under constant 
voltage, the chemistry of the molten metal as well as the detaching behaviour becomes increasingly 
randomised and non static. This is because it has to endure the influence of several constant and 
determinable, as well as, erratic and nebulous physical and chemical interactions. This inherent intricacy 
provides an explanation as to why the study of the detachment of the molten metal from the electrode tip 
is fraught with complexity, especially when using GMAW for the welding process. Resultantly, it is 
under unending review by investigators. 
GMAW metal transfer could either be globular or spray transfer. FMA [6] wrote that globular metal 
transfer is characterized by the transfer of molten metal in large drops across the arc. This transfer mode 
is said to take place when the current and arc voltage are between the short circuiting and spray transfer 
current.  This transfer mode occurs with all types of shielding gases. In spray transfer, on the other hand, 
FMA [6] observed that the molten metal is propelled axially across the arc in tiny droplets. What actually 
occurs at this point is that the electrode metal transfer changes from the globular to the spray mode. The 
tendency to transit into the spray mode depends on the value of the welding current; the higher the 
welding current applied to any given electrode diameter, the greater the tendency to enter the spray mode. 
The transition current commences at the point where the welding enters the spray mode. Soderstrom and 
Mendez [7] said that below the transition current, metal is transferred in the form of large droplets 
(globular transfer). Under this regime, the diameter of the droplets is often larger than the electrode 
diameter, and the frequency of droplet formation is relatively low. Above the transition current, metal is 
transferred as small droplets at a relatively high frequency (spray transfer). 
Kim and Eagar [8] reported that the two well known theories of metal transfer are the Static Force 
Balance Theory, and the Pinch Instability Theory. They said that the Static Force Balance Theory 
postulates that the drop detaches from the electrode when the static detaching forces on the drop exceeds 
the static retaining force. In this study, the model used to evaluate the complex molten metal detachment 
behaviour, is the Static Force Balance Theory. Jones et al. [5] said that the Static Force Balance Theory 
provides a reasonably accurate description of the metal transfer process. Rhee and Kannatey-Asibu [9] 
observed that the Static Force Balance Theory gives reliable predictions for the globular regime, while the 
Pinch Instability Theory is deemed better applied to the spray regime. Jones et al. [5] said that the primary 
retaining force is the surface tension of the molten metal. The surface tension constitutes the Marangoni 
force. Heiple and Roper [10]; Oreper and Szekely [11] said that Marangoni forces are dominant at lower 
currents, that is, lower than 200A. On the other hand, the primary detaching force is gravity, which 
depends on the mass of the molten metal, as well as the drag of the shielding gas.  
Soderstrom and Mendez [7] observed that the shielding gas composition can itself have an observable 
effect on the resulting metal transfer mode. Magnetic pinching, instigated by the large current flowing 
through the electrode and the arc also has a veritable influence as well [5]. Mendez and Eagar [12] 
reported that electromagnetic force increases as the current increases and can dominate the flow at higher 
currents. 
In this study, the Static Force Balance Theory as proposed by Kim and Eagar [8] is used to evaluate 
the complex flow behaviour of the forces responsible for molten metal detachment from the electrode tip 
to the weld pool, and a step by step approach is adopted.      
2. Materials and methods 
The bead-to-plate welds were made in a flat position using a GMAW power source. A mild steel alloy 
filler wire/electrode was used in the welding process, having a diameter of 3.2 mm. The shielding gas 
used is 85% Ar + 15% CO2 with a gas flow rate of 20 l/min. The contact tip to workpiece distance 
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(CTWD) is 20mm with a wire feed rate of 10 mm/s. The Static Force Balance Theory proposed by Kim 
and Eagar [8] was used to determine and analyze the forces affecting molten weld metal in this study.  
3. Forces responsible for molten metal detachment 
The equations used by Kim and Eagar [8] were adopted in this study 
3.1 Gravitational force 
The gravitational force is defined as shown in Eq. (1) [8]. 
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ߨܴଷߩௗ݃                                                                                                         (1) 
Where R is the radius of the droplet, ȡd is the droplet density, 7600kg/m3 and g is the gravitational 
constant given as 9.81ms-1. 
 
However, in this study, the equations proposed by Padmanabham et al [13] were adopted for the 
determination of the droplet radius. Thus: 
 
Wire feed rate, Wf = 0.0258I                                                                                                                        (2) 
Where I is the current = 390A 
Therefore, Wf = 0.0258 x 390 = 10.06 mm/s. 
The volume of wire melted is expressed in Eq. (3) 
௪ܸ ൌ ௙ܹ ൈ ߨݎ௪ଶ                                                                                                                                       (3) 
Where r is the radius of the wire = 1.6mm 
Vw = 10.06 x ʌ(1.6)2 = 80.91 mm3 
 
The volume of a single droplet, rd is given as  
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The frequency (F) which is the same as the pulse frequency, in the case of ODPP (one drop per pulse) 
condition of metal transfer, the radius of the droplet can be found from the equilibrium equation 
expressed in Eq. (5) 
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Where F (pulse frequency) = 1/T and T is the total pulse time 
Weglowski et al. [14] determined the number of droplets per second, n, as 
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Where d is the diameter of the wire = 3.2 mm, D is the droplet diameter = 0.568mm and vel is the wire 
feed rate = 10.06 mm/s.  
Due to the streaming spray nature of the droplet, which is unusually small compared with the ones 
obtained by other investigators. Equation 8 is modified to suit experimental measurements by multiplying 
it by a factor, 3.985 and is presented in Eq (7) as 
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For GMAW, Yang and Debroy [15] used 1/840 s.  This value corresponds to the drop frequency obtained 
in this study. 
 
Rearranging Eq. (5) and making rd the subject of the formula, Eq. (8) is obtained. 
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Substituting the necessary values into Eq. (1), we have 
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3.2 Electromagnetic force 
Electromagnetic Force on a drop, according to Kim and Eagar [8] is as a result of the divergence and 
convergence of current flow within the electrode.  They said that when the current lines diverge in the 
drop, the Lorentz force which acts at right angles to these current lines creates a detaching force.  Amson 
[16] proposed an equation used for determining electromagnetic force assuming current density is 
uniform as shown in Eq. (9). 
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Kim and Eagar [8] assumed ș to be 150o which is the conduction zone angle when the droplet size is 
twice the size of the electrode.  r is the arc radius from the surface of the metal measured as 4.25mm.   
Substituting values to determine f2, we have  
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Substituting the value of f2 into Eq. (9), we have 
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3.3 Plasma drag force 
The Plasma Drag Force is proposed by Reyleigh [17] and given as  
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Where CD is the drag coefficient given by Wang and Tsai [18] as 
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and ȡg is the plasma density = 0.145 kgm-3, vg is the plasma gas velocity = 1.33 ms-1, g is the plasma gas 
viscosity = 4.51 x 10-6 kgm-1s-1 and Dd is the droplet diameter = 0.568 mm. CD is therefore determined as 
0.44. However, CD is given as 0.44 [19].  The projected weld area, Ap used here is given by Kim and 
Eagar [8] as   
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Vf is the velocity of the gas = 8.0 x 10-3 m3/min; ȡf is the density of the molten metal = 7600 kg/m3 
 
For the projected area, Ap 
 
Ap = ʌ(0.2842 - 1.62)  =  - 7.789mm2 
 
Substituting this value in Eq.(10), we have 
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3.4 The surface tension force 
This is the force responsible for holding the liquid metal from dropping from the globule formed on the 
electrode tip.  Kim and Eagar [8] defined the surface tension force as  
 
Fs = 2ʌĮȖ                                                                                                                                             (14) 
 
Where Ȗ is the surface tension or interfacial tension of the liquid metal. 
 
Sahoo [20] gave the interfacial tension Ȗ in a Fe - O system as: 
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Where ai is the activity of species i in the solution given as 1.2, īs is the surface excess at saturation, 
given as 2.03 x 10-4 kg mole/m2.  The entropy factor, Ki, in the oxygen adsorption reaction is given as 
0.0138 kJ/kg mole, the enthalpy factor, ǻHo in the oxygen adsorption reaction is given as - 1.463 x 106 
kJ/kg mole.  R is the gas constant given as 8.314 x 103J/kg mole [21].  T is the melting temperature, given 
as 1736K. 
Ȗ becomes 1.94 N/m 
 
Therefore substituting the values into Eq. (14), we have 
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At the equilibrium position,  FdF = Fg + Fem + Fd 
 
Where dF = drop force = 7.154 x 10-6 + (-0.05) + (-1.735) = 1.785 
 
Since FdF  >   Fs, therefore the molten metal would detach. 
3.5 Detachment Frequency Determination 
Soderstrom and Mendez [7] used Eq. (16) to determine the droplet diameters by applying a Volume 
Balance Theory. This theory was used in this study when the heat input has been affected by the 
atmospheric air. At this point, the spray droplets are no longer streaming. 
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Where WFS is the wire feed speed in inches/minute, fd is the droplet detachment frequency in Hertz, 
dd is the droplet diameter in inches, de is the electrode diameter in inches. 
Converting the inches to millimeters, Eq. (18) is multiplied by 25.4, having WFS = 10.06 mm/s, de = 
3.2 mm and dd = 0.568 mm. Therefore fd becomes 357 Hz
 Considering the streaming nature of the spray droplets at the initial arc heat, fd would be multiplied by 
a correction factor, fc = 2.35 
Where Hertz (Hz) means one cycle per seconds (1/s) 
4. Discussion of Results 
In this study, the forces responsible for molten metal droplet transfer from the electrode tip to the weld 
pool are numerically examined.  These forces include the surface tension force, which is the force 
responsible for holding the molten weld metal from dropping from the electrode tip.  In this state the 
molten metal is texturally rather visco-plastic and under the influence of the conduction mode.  The 
conduction mode occurs at the cooler regions of the heat affected zone (HAZ) which is usually the 
boundary between the region of the weld pool and the work piece.  This surface tension force is 
calculated from Eq. (14), to be 0.0195N. 
However, there are other forces acting on the molten weld metal formation.  These forces are the 
electromagnetic force drawn from the Lorentz theory, and is caused by the interaction between the 
divergent current paths in the weld pool, and the magnetic fields they generate [22].  The Force is 
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produced by the action of the electric arc machine.  The electromagnetic force is calculated to be - 0.05N.  
The negative sign shows that the divergence of the electric current fields in the weld pool develops a 
downward electromagnetic force near the central parts of the weld pool, and pushes the liquid metal in the 
region downward to the weld root [22]. 
Gravitational Force, Fg is another detaching force which is significantly affected by the mass of the 
molten metal.  The detaching process is by gravitational flow of the molten metal which is guided by the 
sliding action that occurs between the detaching molten metal droplets.  As the globule formation of 
molten metal slide down on each other, it would get to a point where the molten metal at the tip of the 
electrode necks down and drops into the weld pool.  This gravitational force is calculated to be 7.154 x 
10-6N.  The gravitational force is itself negligible and does not exert a very significant influence on the 
weld pool surface. The molten metal globule formation does not necessarily require much external force 
to cause detaching since the mode of metal transfer is dependent on the mass of the molten metal.  
The other force considered in this study is the drag force.  This force is responsible for the sliding of 
these molten metal droplets on each other.  It could be propelled by the shielding gas or the electrode feed 
rate.  It is calculated to be - 1.736N. 
In equilibrium situation, Fs = Fem + Fg + Fd.. This implies that when the surface tension force is equal to 
these other forces (Fem + Fg + Fd,) the formed molten metal under the influence of the arc heat is retained 
at the electrode tip.  From the calculation of the values of forces which affect the molten metal transfer, 
the summation of the detaching forces amounted to 1.785N, with the retaining force, which is the surface 
tension force, being 0.0195N.  Since the detaching forces surpass the retaining forces, the molten metal 
droplet would flow (or detaches) from the electrode tip to the weld pool. The detachment frequency was 
calculated to be 357 Hz, this value falls within 300Hz – 375Hz obtained by Soderstrom and Mendez [7]. 
Lesnewich [23, 24] reported a transfer (or detachment) rate of 5Hz for droplets of 0.16 in (0.41mm) 
diameter in the globular regime with 0.0625 in (1.59mm) diameter electrode using argon + 1% CO2 
shielding gas and also obtained a detachment frequency of 240 Hz for droplets of 0.04 in (1.01mm) 
diameter for spray transfer regime. In this study, the radius of the droplet is 0.284mm which is much less 
than 4.0 mm determined by Yang and Debroy [15] using a current of 405A. This mode of transfer is 
classified as spray transfer, owing to the fact that the radius of each droplet is quite minuscule.  This 
transition to spray transfer can be attributed to the combined effect of the detaching forces (which have 
exceeded the surface tension force), the forceful influence of the shielding gas, as well as the convective 
nature of the arc heat column. This type of spray transfer, considering the value of the radius, is further 
classified as the streaming spray transfer. This claim is supported by Soderstrom and Mendez [7] when 
they wrote that streaming spray has an electrode with a long taper and the droplets are much smaller than 
the electrode. 
5. Conclusion 
This research study has evaluated numerically the forces influencing the detachment of molten weld 
metal droplets from the electrode tip to the weld pool during the GMAW process.  The trend of events 
and the innate behaviour of the weld metal while transiting from globular droplet form to spray transfer 
droplets, has been found to be significantly influenced by the forces exerted by the molten weld metal 
masses, the shielding gas, and the current. This trend was well expressed and measured by applying the 
Static Force Balance Theory proposed by Kim and Eagar [8]. The study has also proved that when the 
combined effect of the detaching forces surpass the retaining force, the molten metal forming at the 
electrode tip must be deformed and forced to slide through one another and eventually detach and drop 
into the weld pool. 
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Also, it has been shown that with the consistent application of current and shielding gas, the rate of the 
detaching movement increases and the thickness layer of the droplet reduces concomitantly as it 
transients from globular to spray transfer mode.   
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